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and Biotechnology, University of Sheffield, Sheffield, United KingdomABSTRACT The light-harvesting 1 (LH1) integral membrane complex of Rhodobacter sphaeroides provides a convenient
model system in which to examine the poorly understood role of hydrogen bonds (H-bonds) as stabilizing factors in membrane
protein complexes. We used noncovalently bound arrays of bacteriochlorophyll chromophores within native and genetically
modified variants of LH1 complexes to monitor local changes in the chromophore binding sites induced by externally applied
hydrostatic pressure. Whereas membrane-bound complexes demonstrated very high resilience to pressures reaching 2.1
GPa, characteristic discontinuous shifts and broadenings of the absorption spectra were observed around 1 GPa for detergent-
solubilized proteins, in similarity to those observed when specific (a or b) H-bonds between the chromophores and the
surrounding protein were selectively removed by mutagenesis. These pressure effects, which were reversible upon decom-
pression, allowed us to estimate the rupture energies of H-bonds to the chromophores in LH1 complexes. A quasi-independent,
additive role of H-bonds in the a- and b-sublattices in reinforcing the wild-type LH1 complex was established. A comparison of
a reaction-center-deficient LH1 complex with complexes containing reaction centers also demonstrated a stabilizing effect of the
reaction center. This study thus provides important insights into the design principles of natural photosynthetic complexes.INTRODUCTIONIntegral membrane proteins constitute about one third of the
total number of proteins in any organism. They are respon-
sible for energy production, transport, signaling, and many
other crucial life-supporting functions. Correct protein func-
tion is dependent upon the protein’s folded structure (1),
which is a product of various weak forces, such as hydro-
phobic interactions, hydrogen bonds (H-bonds), and salt
bridges, acting in concert. H-bond interactions play a role
in binding of cofactors in enzymes and basepairing interac-
tions between the strands of DNA, and are responsible for
the elasticity of skeletal and cardiac muscles. An H-bonding
network has also been shown to play a catalytic role in
photosynthetic oxygen evolution (2). Although there is no
doubt that H-bonds are extremely important structural
elements of all basic biomolecules, their energetics and
precise role in stabilizing proteins are still matters of
debate (3).
The H-bond energies in simple model compounds and
small peptides have been investigated in great detail (4,5).
However, this is not the case for folded globular proteins,
and especially membrane proteins, where individual
H-bonds are much more difficult to characterize (3,6). Scan-
ning calorimetry and titration with chemical denaturants
such as urea are commonly used to study protein H-bond
energies, but because they probe the unfolding of the whole
protein, they do not usually yield bond-specific information.
Moreover, scanning the temperature at constant pressure, asSubmitted September 5, 2012, and accepted for publication October 23,
2012.
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0006-3495/12/12/2352/9 $2.00in calorimetry, causes simultaneous changes of the system’s
energy and its volume/density that are difficult to separate.
Denaturants are often chemically active and may also
modify the chemical potential of the solute. For these
reasons, the use of another fundamental thermodynamic
variable, pressure, rather than temperature, is an attractive
alternative. Continuous and reversible tuning of the density
of proteins can be achieved over a wide range without appre-
ciably changing the primary structure of the proteins, which
is determined by strong, stable covalent bonds. However,
H-bonds that play important roles in the secondary and
tertiary structures of the proteins are reported to be either
widely insensitive to pressure (7) or promoted by it (8).
To date, mainly water-soluble globular proteins have been
studied under high pressures, with the result that functional
protein structures cover just a narrow region in the phase
diagram around physiological temperatures (8–11). To
obtain detailed information about the structural role of
H-bonds on an integral membrane protein, we studied
light-harvesting (LH) complexes of purple photosynthetic
bacteria, which are some of the best-characterized mem-
brane chromoproteins. In phototrophic bacteria such as
Rhodobacter sphaeroides, peripheral LH2 complexes
donate energy to the LH1 complexes, which encircle the
reaction centers (RCs), forming a core RC-LH1 complex.
In the RCs, the excitation energy is transformed into poten-
tial chemical energy. Low-resolution structural models of
core complexes have been obtained for a number of species
(12–15,16). In this work, we used the intrinsic bacteriochlo-
rophyll a (BChl) chromophores of the LH1 complex as
spatially local and sensitive optical probes to identify and
study the energetics of individual H-bonds that undergohttp://dx.doi.org/10.1016/j.bpj.2012.10.030
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basic building block for in vivo assembly of the LH1
complex is a ab-BChl2 heterodimer of membrane-spanning
a-helical a- and b-apoproteins, with each apoprotein nonco-
valently binding one BChl molecule (17) (see Fig. 1). The
organization of bacterial core complexes can vary, and
consists of 15 (13), 16 (18), or 28 (14) such dimeric struc-
tural elements. In wild-type (WT) Rba. sphaeroides, open
C- or S-shaped antenna structures encircling one or two
RCs in planar or nonplanar geometry are known to coexist
in photosynthetically grown cells (19).
The LH membrane complexes were first investigated
under high pressure in (20). Subsequent studies (21–23)
showed that increasing the pressure at laboratory tempera-
tures up to ~500 MPa generally caused a smooth red
shift (i.e., to lower energy) and broadening of the near-
infrared absorption bands of BChl. Past 500 MPa, how-
ever, a nonmonophasic behavior was observed in LH2
complexes purified with mild detergents into a detergent-
buffer environment, which was interpreted as arising from
rupture of the H-bonds at the binding sites of the strongly
excitonically coupled B850 BChls (24,25). Here, we
extended this approach by examining a series of WT and
genetically engineered variants of the core complex (see
Fig. 1), including an LH1-only complex, an RC-LH1 mono-
mer complex, a mixture of the monomer and dimer RC-FIGURE 1 Diagrammatic representation of the studied LH complexes.
Each red square represents the ab-BChl2 heterodimer building block of
the LH1 complex. Below are two views of the ab-BChl2 subunit based
on the atomic structure of the LH2 complex from Phaeospirillum moli-
schianum, together with mutagenesis, atomic force microscopy, and cryoe-
lectron microscopy data (14,15,25,26). The two residues that have been
altered from Trp to Phe in the aTrpþ11 and bTrpþ9 mutants are in stick
representation, and the rest of the transmembrane polypeptides are depicted
as a ribbon. The Bchls and the H-bond partners are also shown.LH1-PufX complexes, and two point mutations of the
RC-LH1-PufX complexes that eliminate the H-bonds to
specific Bchls at positions aþ11 and bþ9. Due to the multi-
meric nature of these complexes, where each WT ab-BChl2
subunit has two relevant H-bonds, the total number of
H-bonds per complex is large: 32 in LH1-only and RC-
LH1, 56 in WT RC-LH1-PufX dimer, and 28 in RC-LH1-
PufX monomer. The aþ11 or bþ9 mutants will have half
the number of H-bonds of the equivalent WT complex. It
has already been established by site-directed mutagenesis
that H-bonding tunes the BChl absorbance that is respon-
sible for the lowest-energy B875 exciton band in LH1
complexes (26–30). In this work, we examined the structural
stabilization and absorbance tuning roles of H-bonds in
detergent-isolated and native membrane-embedded LH1
antenna complexes using hydrostatic pressures that reached
2100 MPa. By showing that pressure-induced breakage
of H-bonds produced reversible spectral effects, we were
able to quantify the average rupture energies for these bonds
in the BChl binding sites.MATERIALS AND METHODS
Materials
The DD13 deletion strain of Rba. sphaeroides (31), which was manipulated
to remove the genes encoding the LH2, LH1, and RC complexes, was com-
plemented with plasmid-borne copies of the puf BALMX genes to produce
photosystems containing LH1-only, monomeric RC-LH1, or dimeric RC-
LH1-PufX complexes. Further point mutations were introduced into either
pufA or pufB encoding LH1 a- and b-apoproteins, respectively. One of
these mutations, aTrpþ11Phe, alters the tryptophan that H-bonds to the
C3 acetyl carbonyl group (IUPAC numbering) of one of the BChls in
the ab-BChl2 structural unit (26,28), and the other, bTrpþ9Phe, disrupts
the H-bond to the C3 acetyl carbonyl group of the other BChl (28).
Double-mutant complexes with replacements in both sites are structurally
compromised and are unstable in detergent even at ambient temperature
and pressure. LH membranes and purified complexes were prepared ac-
cording to published methods and stored at liquid nitrogen temperature.
The samples were thawed before the experiments and diluted with
20 mM HEPES, pH 7.5 buffer to obtain an optical density of ~0.3 at
875 nm, the absorption maximum, in the assembled pressure cell. The buff-
ering ability of HEPES is preserved over a broad temperature and pressure
range. The buffer for isolated complexes additionally contained the deter-
gent dihexanoylphosphatidylcholine (DHPC). Above a critical micelle
concentration of 1.4 mM, this detergent mimics the embedding of the
proteins in native membranes. The DHPC concentrations used in this
work (2–4 mM) maintained the integrity of the LH1 complexes at ambient
pressure, but levels in excess of 10 mM DHPC resulted in degradation, as
evidenced by the appearance of a ab-BChl2 heterodimer absorption band
at ~820 nm. The DHPC-solubilized complexes remained stable under
elevated pressures for at least 20 h at ambient temperature, which was
more than sufficient for our trials. For complexes in their natural membrane
environment, no detergent was added.High-pressure spectroscopy
We acquired absorption spectra of isolated and membrane-bound LH
complexes at ambient pressure and temperature using a V-570 spectropho-
tometer (Jasco) with a spectral resolution of 0.2 nm. We used a high-
pressure diamond anvil cell (DAC) spectroscopy setup as previouslyBiophysical Journal 103(11) 2352–2360
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2354 Freiberg et al.described, with a 0.35-mm-thick stainless-steel gasket preindented between
the anvils under small pressure (24,25). A ruby-microbead pressure sensor
(RSA Le Rubis SA) mounted directly into the sample volume was used to
determine the pressure inside the DAC. The accuracy of the pressure
measurements (defined as the pressure needed to shift the emission line
at the output of the spectrograph by one pixel of the recording CCD camera)
was 6.6 MPa. The temperature of the cell was maintained at 20 5 0.5C
during the experiment, although there was very little alteration in the
spectra when the temperature was varied between 18C and 27C. The
pressure was changed stepwise with an average rate of 25–30 MPa per
minute. The spectra, recorded with ~1 min acquisition time and spectral
resolution of 0.56 nm per pixel, were measured with both increasing and
decreasing pressure. As detailed below, the initial spectra were almost
totally recovered upon pressure release. The spectra at each pressure
were corrected by subtracting reference spectra that were measured in
DAC filled with the pure buffer (or buffer-detergent) solvent.FIGURE 2 Absorption spectra of isolated (continuous line) and
membrane (dashed line) complexes in buffer solution recorded at labora-
tory temperature and pressure: 1), RC-LH1-PufX; 2), b þ9 mutant; 3),
a þ11 mutant; 4), RC-LH1; and 5), LH1-only. The curve on top represents
the reference spectrum of Bchl in diethyl ether. The spectra, normalized
with respect to the lowest-energy band peak, are shifted vertically relative
to each other for better visibility.Data analysis
The optical band parameters, position, and width, were determined by
means of curve-fitting programs available in Origin (Microcal Software).
In real measurements, the estimated accuracy (standard deviation (SD)
within 95% confidence level) of the band position and width was
4–5 cm1 (0.3–0.4 nm). For various samples, two to five repeat measure-
ments were carried out to check the reproducibility of the measurements.
A very good reproducibility of the data in the lower pressure region up to
1000 MPa was observed. However, above 1000 MPa, the reproducibility
was poor because of the liquid-solid phase transition, which resulted in
nonhydrostatic pressure distribution in the glassy protein sample. A slow
residual red shift of the absorption band up to several nanometers was
observed in the pressure region of protein denaturation, and the kinetics
changed with pressure and temperature. We evaluated this potential source
of experimental error on a control sample by prolonging the data acquisition
time up to 100 min. The variations of the thus-deduced energetic parameters
remained within the uncertainty limits determined by other factors. There-
fore, and to avoid long-time protein deterioration, we stayed with the 1-min
acquisition time.RESULTS AND DISCUSSION
Overview optical absorption spectra of LH1
complexes at ambient conditions
The absorption spectra of the studied LH1 complexes shown
in Fig. 2 reveal multiple bands in the wavelength range from
240 to 1000 nm. The broad band between 400 and 600 nm is
primarily due to the carotenoids (spheroidene and spheroi-
denone) bound in the LH1 complex. The peaks at 375,
590, and 875 nm are related to electronic transitions in the
BChl chromophores. As seen by comparison with the refer-
ence BChl spectrum, they correspond to the Soret, Qx, and
Qy bands, respectively. The narrow band at ~280 nm belongs
to the protein scaffold. Additional weak spectral features can
be seen at 800 nm and ~760–770 nm in the samples contain-
ing RC complexes (curves 1–4); these are due to the mono-
meric BChl and bacteriopheophytin pigments in the RC.
Concentrating on the B875 absorption band, which peaks
at ~875 nm, one can see that the spectral maxima of the
membrane bound and isolated complexes almost coincide,
with the exception of RC-LH1-PufX, where the membrane
spectrum is 1.7 nm shifted to the red. It is also notableBiophysical Journal 103(11) 2352–2360that the spectral positions of the three membrane samples
(LH1, RC-LH1, and RC-LH1-PufX) overlap within
<2 nm despite their considerable structural differences. In
agreement with published data (26–30), the mutation of
the Trp residues in the RC-LH1-PufX complex to the
Phe residues in positions bþ9 or aþ11 resulted in a blue
shift (and broadening) of the absorption band by 7.1
(4.0) or 23.5 (1.2) nm in the case of membrane-bound
complexes.Remarkable pressure resistance of the
membrane-bound complexes
Fig. 3 A displays a set of typical absorption spectra of
a membrane-bound LH complex, in this case RC-LH1, re-
sponding to external high pressures. The B875 absorption
band peak position and width (defined as the full width
at half maximum (FWHM)) are presented in Fig. 3, C
andD, respectively. The main pressure effect is a continuous
red shift and broadening of the spectra, which is also seen
for free BChl in solution (32). The measured shift and
broadening rates, however, are very large compared with
those obtained using free BChl. The very rapid initial
shift of 1.04 5 0.05 cm1/MPa (minus designates the
shift to lower energies) observed in all membrane samples
gradually diminishes with increasing pressure (Fig. 3 C).
Similarly, the band broadening, with an initial rate of
0.24 5 0.01 cm1/MPa, saturates past ~1000 MPa
(Fig. 3 D). These large rates can be explained by the
BChl-excited states in antenna complexes having an exciton
origin (22,33,34). The shift and broadening rates measured
for LH1 complexes are larger than those obtained for LH2
complexes (22–25), in agreement with the stronger exciton
coupling in the core assemblies (35–38).
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FIGURE 3 (A and B) Absorption spectra of
membrane-bound (A) and isolated (B) RC-LH1
complexes as a function of pressure. The leftmost
spectrum is recorded at ambient pressure; the
pressure change between two successive spectra
is 180 (A) or 160 (B) MPa. The arrowed bold
lines follow successive absorption maxima. The
inset demonstrates recovery of the shape of the
ambient-pressure spectrum upon pressure release.
(C and D) Pressure dependencies of the B875
exciton absorption peak position (C) and width
(D) for the membrane-bound (black squares)
and isolated (red rings) RC-LH1 complexes. The
protein solutions solidify at pressures between
1200 and 1600 GPa, depending on the samples,
which explains the increased noise and decreased
reproducibility of the data toward the high end of
the dependencies. Solid and open symbols repre-
sent data obtained in hydrostatic liquid and
quasi-hydrostatic solid sample states, respectively.
Dashed lines represent linear extrapolations of the
membrane data to high pressures.
H-Bond Energetics in Membrane Proteins 2355The inset of Fig. 3 A demonstrates an almost complete
recovery of the spectrum upon pressure release at the
completion of the cycle of measurements at elevated pres-
sures. Some reduction of the spectrum intensity after
decompression is unavoidable due to a spill-out of the
sample from the high-pressure cell. Within the experimental
precision, however, there are no signs of dissociation of the
LH1 protein into smaller, dimeric and/or monomeric frag-
ments, which would give rise to absorption peaks at 820
and 777 nm, respectively (39). Because most cytosolic
oligomeric proteins are known to dissociate at pressures
below 300 MPa (8), the native membrane-protected LH1
complexes are extremely pressure resistant.Pressure-induced instability of detergent-isolated
complexes: discontinuous shift and broadening
of the B875 absorption band
Having established that the membrane-bound LH1 com-
plexes exhibit extraordinary resilience at high pressures,
we undertook experiments on LH1 complexes purified
from their membrane environment and solubilized in deter-
gent micelles above the critical micelle concentration.
Fig. 3 B shows the spectra of the detergent-isolated RC-
LH1 complexes as a function of pressure. At low pressures
up to ~500 MPa, the spectra behave in much the same way
as the membrane-bound complexes. At higher pressures,
however, initially the red shift begins to decrease in magni-
tude and then, between 700 and 1200 MPa, it is reversed
with a blue shift. Past ~1200 MPa, the red shift is restored,
albeit generally with a different rate, as can be seen in
Fig. 3 C. A correlated abrupt spectral broadening occurs
in the same pressure range of 700–1200 MPa, which impliesa common physical origin of the shift and width behaviors.
At low pressures, the absorption band of isolated complexes
has almost the same width as it has in membrane-bound
complexes. Toward higher pressures, the spectrum of iso-
lated complexes broadens significantly, remaining broader
than in membranes up to the largest pressures (Fig. 3 D).
Fig. 3, C and D, demonstrate the strikingly different pres-
sure responses of isolated complexes and membrane
samples very visibly. Despite these differences, however,
the recovery of the spectra of isolated complexes is almost
as elastic as in the membrane-bound complexes (data not
shown).
To enhance the variant behavior of isolated and
membrane-bound complexes, we plotted the relative peak
shifts Dn and band broadenings Dd (Fig. 4, A and B, respec-
tively). The former measure is calculated as Dn ¼ ni  nm,
where ni=m are the corresponding experimental peak posi-
tions in isolated (i) and membrane-bound (m) samples. A
blue shift of the spectrum of isolated complexes thus corre-
sponds to a positive value of Dn. The latter quantity is in
Gaussian approximation evaluated as Dd ¼ ðG2i  G2mÞ1=2,
where Gi=m are the corresponding FWHM for the B875
absorption bands. Spectral bandwidths are sensitive
reporters of both static and dynamic disorders. The fact
that Gi is always greater than Gm implies that membrane-
bound complexes are generally more ordered than those iso-
lated in detergent micelles.
In the background-free representation of Fig. 4, character-
istic step-like dependencies resembling titration curves are
shown for all complexes. The curves possess similar thresh-
olds of ~700 MPa and midpoint pressuresR1000 MPa, but
rather different step heights for closed-ring (RC-LH1 and
LH1) and open-ring (RC-LH1-PufX forms) structures aboveBiophysical Journal 103(11) 2352–2360
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at intermediate pressures. Due to excessive noise in the solid state, the
broadening data are presented only for WT complexes in liquid.
2356 Freiberg et al.1500 MPa. Thus, the height of the peak shift in the open-
ring complexes reaches just ~2/3 that in the closed-ring
samples. Similarly, the relative broadening (i.e., relative
disorder) in the closed- and open-ring antennas behaves in
a very different way. In the former complexes, only relative
broadening is observed with increasing pressure until satu-
ration above 1100 MPa, whereas in the latter, the absorption
band of isolated complexes initially broadens more slowly
than that of membrane-bound complexes (causing relative
narrowing around 500 MPa) and starts to advance only
past ~650 MPa. These features are consistent with the
greater structural flexibility of the open-ring samples (dis-
cussed further below). The relatively wider (more extended)
transition range along the pressure axis in the case of empty
LH1-only rings also appears to be consistent with the results
of an atomic force microscopy study (40), revealing a size-
able heterogeneity in both the size and shape of the deter-
gent-purified LH1-only complexes, including circles,
ellipses, and arcs.
The relative broadening of the spectra of isolated
complexes is a sign of enhanced dynamics of the BChl
molecules in the compressed binding sites of purified
complexes, compared with the equivalent situation withinBiophysical Journal 103(11) 2352–2360the membrane. Because pressure-induced denaturation of
proteins is driven by a decrease in volume and possible
penetration of the buffer solvent (essentially of polar water
molecules) into the protein interior (41–44), rather than
swelling, the extra freedom of intraprotein movements can
only be caused by breakage of the bonds that hold BChl
molecules in their protein pocket. Given that axial ligation
has a minimal effect on the BChl Qy absorption band posi-
tion (32), the loss of H-bonds in isolated complexes is the
most likely explanation for the observed abrupt changes of
their absorption spectra with pressure. Irregularities in the
behavior of the RC-LH1-PufX complexes might be ex-
pected, given their open (and in the case of dimer, also
bent (14)) structure, which may derive more stability from
its membrane environment than monomeric closed-ring
complexes. Modeling studies indeed indicate that the lipids
surrounding RC-LH1-PufX distort to accommodate and
stabilize the bent conformation of this complex (45).Comparison ofWT and H-bondmutant complexes
Under ambient conditions, a blue shift and broadening
similar in magnitude to those seen in the pressure dependen-
cies of the B875 absorption band (Fig. 4) were previously
observed for H-bond mutants of Rba. sphaeroides compared
with their WT counterparts (26–29). As can be seen from
Fig. 1, the aTrpþ11 and bTrpþ9 protein residues normally
bind BChls by forming H-bonds to the C3-acetyl carbonyls
of the a- and b-BChls, respectively. Alteration of the Trp
residues to Phe, which cannot form H-bonds, results in
a total blue shift of the B875 absorption band by ~30 nm
or 400 cm1 in energy scale. The latter number agrees
remarkably well with the height of the step for the relative
shift in RC-LH1-PufX complexes seen in Fig. 4 A, suggest-
ing that high pressure may indeed induce rupture of the
H-bonds. To validate this mechanism, we studied two RC-
LH1-PufX core complex mutants that have the H-bond
Trp to Phe mutations in either the a þ11 or b þ9 positions
in comparison with the WT RC-LH1-PufX sample. In the
aþ11 mutant, the H-bonds between the a polypeptides
and its BChls are removed, and thus it has half the intact
H-bonds found in the WT. In the b þ9 mutant, the situation
is exactly reversed: the H-bonds to b polypeptides are
broken and the other H-bonds to a polypeptides are intact.
The ambient-pressure spectra of these mutant samples
shown in Fig. 2, which are blue shifted and broader than
the reference spectra of WT complexes, are consistent
with the published data (26).
In Fig. 5 A, the response to elevated pressures of the
absorption peak position of the membrane-bound WT
sample is compared with the two membrane-bound mutants.
It would appear that the WT complex within the membrane
resists the pressure and the H-bonds remain intact, whereas
the mutant complexes, already destabilized by the loss
of one set of H-bonds, undergo a gradual weakening and
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H-Bond Energetics in Membrane Proteins 2357finally disruption of the remaining H-bonds. In the case of
the bþ9-mutant, where the H-bonds between aTrpþ11 and
the a-bound BChl are intact, there is a transition to all
broken H-bonds between ~500 and 1500 MPa. This fairly
gradual transition may be due to a progressive distortion
of the C-terminal helix of the a polypeptides (see Fig. 1),
which might be anticipated for an open-ring structure,
altering the geometry of the H-bonds, and lessening the
extent of the blue shift imparted to the BChl. The aþ11
mutant is constantly at a higher energy level, and almost
parallel to the WT membrane, which may indicate that the
original point mutation has caused a reorganization of the
protein structure. This is highly likely, because the original
Trp residues are considered membrane anchors, with the
heterocyclic ring associating with polar lipid headgroups
and the larger aromatic ring being buried among the hydro-
phobic lipid tailgroups. The Phe replacement residue is
wholly hydrophobic and thus would be buried more deeply
within the core of the membrane, altering the position of
the a-polypeptide C-terminal helix with respect to the mem-
brane interface. Studies of the exciton coupling constant
modifications upon mutations, which will be reported
elsewhere, confirm these speculations.
In Fig. 5 B, the responses of the membrane-bound and
isolated WT complexes are compared with the isolated
aþ11 and bþ9 mutant complexes. The mutants respond
in much the same way as when they are in the membrane,
although the aþ11 mutant diverges more rapidly from the
reference WT membrane beyond ~500 MPa (which may
denote when the H-bonds to b polypeptides break), andthe bþ9 mutant does not quite reach the expected aþ11
mutant level (which may be caused by compensating spec-
tral shifts due to steric hindrance deformation of the chro-
mophores). The most dramatic change, however, is seen
for the detergent-purified WT complex, which demonstrates
the breakage of both sets of H-bonds by approaching the
aþ11 mutant curve at ~1500 MPa. The synergistic struc-
tural role of the two sets of H-bonds is made clear by the
much higher pressure that is necessary to induce a change
in the spectral response of the WT at 700–800 MPa (see
Fig. 4 A) compared with the bþ9 mutant, which shows
the first effects at <500 MPa.Thermodynamic aspects of protein stability
against pressure
The phenomenological basis of protein stability against
pressure is well established (8–10). In the simplest version
of thermodynamic modeling, only two global protein
states, native (N) and denatured (D), are assumed. In the
model presented here, the N state corresponds to the protein
at ambient pressure, and the D state corresponds to its
compressed state with broken H-bonds. The equilibrium
constant of this two-state denaturation reaction is given by
Eq. 1, where [N] and [D] indicate the concentrations of
native and denatured protein, respectively; R is the universal
gas constant; T is the thermodynamic temperature; and P is
the pressure:
KðPÞ ¼ ½D½N ¼ exp
DGðPÞ
RT

(1)
In the lowest order approximation, the pressure dependence
of the free-energy change associated with the protein
denaturation can be represented as DGðPÞ ¼ DG0þ DV0P,
where DG0 ¼ G0D  G0N is the standard free-energy dif-
ference between the denatured and native states, and
DV0 ¼ VD  VN is the standard partial molar volume
change between the states. For the protein to be stable,
DG0 has to be positive. If the volume of the denatured state
is smaller than the volume of the native state (i.e., DV0 is
negative), the free-energy change decreases with increasing
pressure. Past the transition midpoint pressure, P1=2, the de-
natured state has lower free energy and is stabilized against
the native state.
A connection of this minimalistic model with the spectro-
scopic experiment is established by calculating the pressure-
dependent equilibrium constant as
KðPÞ ¼ DnðPÞ  Dni
Dnf  DnðPÞ (2)
where DnðPÞ is the relative peak shift at pressure P (plotted
in Fig. 4 A), andDni and Dnf are the shifts measured at initial
(i) and saturating final (f) pressures, respectively. InsertingBiophysical Journal 103(11) 2352–2360
TABLE 1 Thermodynamic parameters characterizing the
breakage of H-bonds in core LH complexes
Sample DG0 kJ/mol DV0 ml/mol P1/2 MPa
LH1 215 3 185 2 11605 30
RC-LH1 255 5 255 5 10005 20
RC-LH1-PufX (WT) 255 2 235 2 10905 20
2358 Freiberg et al.Eq. 2 into Eq. 1 provides Eq. 3, a linear equation with
respect to pressure:
RT ln KðPÞ ¼ DG0 þ DV0P (3)
The solution of Eq. 3 provides the prime model parameters,
DV0 and DG0, as the slope and initial (P ¼ 0) value, respec- RC-LH1-PufX (bTrpþ9Phe) 145 2 205 1 7205 20
RC-LH1-PufX (bTrpþ9Phe)* 145 2 155 1 9405 20
RC-LH1-PufX (aTrpþ11Phe) 105 2 145 1 7005 30
*Parameters for mutant membrane, evaluated relative to theWTmembrane.tively. Additionally, P1=2 can be found from the phase
boundary condition: DG0 þ DV0P1=2 ¼ 0.
The experimental pressure dependencies of RTln K for
the isolated core complexes are shown in Fig. 6. The plots,
which were built around the respective phase transition
regions, are linear, reasonably justifying the applied model.
With respect to the transition midpoint pressure, P1=2
(crossing points of linear fitting curves with the y-axis
zero), the complexes clearly divide into two groups with
either one or two intact H-bonds in the basic unit. The three
members of the latter group (LH1, RC-LH1, and WT) with
midpoint pressuresR1000 MPa demonstrate much greater
pressure resistance than the two H-bond mutants with the
midpoint pressures around 700 MPa. The slopes represent-
ing DV0 do not separate that clearly.
The obtained parameters that characterize the pressure-
induced rupture of H-bonds in detergent-isolated com-
plexes, P1=2, DV
0, and DG0 ¼ DV0P1=2, are listed in
Table 1. Also included in Table 1 are the data for the
membrane-bound bþ9 mutant RC-LH1-PufX complex
(line 5). Please note that the errors of the parameters in
Table 1 represent SDs associated with the data points of
individual measurements. The reproducibility measure of
ensemble measurements is ill-defined due to the liquid-solid
phase transition occurring at high pressures past ~1000 MPa
(see ‘‘Data analysis’’ section for more details). It can be seen
that comparable H-bond energies were found for purified
and membrane-embedded bþ9 mutant complexes (lines 4
and 5, respectively), suggesting that these integral mem-500 1000
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FIGURE 6 Dependencies of Eq. 3 for the detergent-isolated core
complexes. The lines represent linear fits of the scattered experimental data.
Biophysical Journal 103(11) 2352–2360brane proteins largely retain their structural properties
upon solubilization and purification in mild detergents.
The parameters for the LH1, RC-LH1, and WT core
complexes with all the H-bonds intact at ambient pressure
appear similar, whereas they are rather different from those
obtained for the mutant complexes with half of these bonds
removed. Most remarkably, the energy corresponding to the
H-bond rupture in the WT complex (255 2 kJ/mol) equals
within the estimated uncertainty the sum of the rupture ener-
gies in the aþ11 and bþ9 mutants (10 5 2 and 14 5
2 kJ/mol, respectively). This implies a quasi-independent
role for the a- and b-types of H-bonds in reinforcing the
ab-BChl2 building blocks and thus the whole LH1 complex.CONCLUSIONS
Understanding the native and denatured states of membrane
proteins allows one to gain insights into fundamental bio-
logical phenomena. By applying a unique combination of
optical spectroscopy and genetic and noninvasive physical
(high-pressure) engineering in this work, we were able to
provide what is to our knowledge the first demonstration
and quantification of the rupture of multiple H-bonds in
the BChl-binding pockets of membrane chromoproteins
with individual bond-type (a and b) selectivity. Although
significant, concerted weakening and disruption of the
H-bond network in water under pressure have been well
documented (46,47), thus far, proof of similar reversible
effects in proteins, particularly in membrane proteins, has
been lacking.
We confirmed that H-bonds are essential for the structural
stabilization of LH1 complexes, and are important for
tuning their absorbance properties. We also established
that the energy corresponding to rupture of H-bonds in the
WT complex generally equals the sum of the rupture ener-
gies for the H-bonds in the aþ11 and bþ9 mutants. A
similar roughly additive relationship between the absorption
band shifts and the mutations made to the a- and b-polypep-
tides was previously observed by others (26,29).
A comparison of LH1 complexes in their native
membrane and in a detergent-solubilized state also showed
that the membrane bilayer plays a role as a stabilizing factor
for this complex. Although comparable H-bond energies
were found for purified and membrane-embedded bþ9
H-Bond Energetics in Membrane Proteins 2359mutant complexes, the removal of the complexes from the
membrane clearly increased their vulnerability to applied
pressure, as even the WT complex showed the breakage of
both a and b sets of H-bonds. The notion that H-bonds
are only one of the factors that play role in strengthening
the proteins (48) is further supported by the extra stabilizing
effect of the RC revealed by a comparison of the LH1-only
complex with the RC-LH1 or RC-LH1-PufX complex: the
LH1-only sample requires, on average, less energy to break
the H-bonds (see Table 1).
The H-bond energies determined for the mutant
complexes with just one set (a or b) of H-bonds intact
appear to be only 4- to 6-fold greater than thermal energy
at ambient temperature. This may not be enough for robust
functioning of these proteins under harsh physiological
conditions, which would explain the evolutionary design
of the LH complexes with double H-bonds in the basic unit.
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